We analyse MESSENGER reflectance measurements covering the northern polar region of Mercury, the least studied region of the northern mercurian hemisphere. We use observations from the Mercury Dual Imaging System Wide-Angle Camera (MDIS/WAC) and the Mercury Atmospheric and Surface Composition Spectrometer (MASCS/VIRS) to study the spectral dependence of the surface reflectance. The results obtained from the observations made by both instruments are remarkably consistent. We find that a second degree polynomial description of the measured reflectance spectra gives very good fits to the data and that the information that they carry can best be characterized by two parameters, the mean reflectance and the mean relative spectral slope, averaged over the explored range of wavelengths. The properties of the four main types of terrains known to form Mercurys regolith in the northern region, smooth plains (SP), heavily cratered terrain (HCT), fresh ejecta/materials and red pitted ground (RPG) are examined in terms of these two parameters. The results are compared, and found consistent with those obtained by earlier studies in spite of difficulties met in obtaining accurate reflectance measurements under the large incidence angle condition characteristic of polar regions. These results will help with the preparation of the BepiColombo mission and with supporting its observational strategy.
Compared with other quadrangles, the observational orbit of MESSENGER over Borealis provides a larger number of images but requires larger values of the phase angles, in excess of 78 • in the MASCS case, and larger values of the incidence and reflection angles, implying important distortion. It also implies, because of the low altitude of the satellite, narrower footprints. Distortion of observed images at high incidence angles is an important effect which is caused by several reasons: difficulties in co-registering for mosaicking and in modelling photometric reflectance behavior; taking into account the systematic reddening at different wavelengths (Domingue et al. 2015 . In both MASCS and MDIS observations, we reject data having an incidence angle i larger than 80 • .
MDIS Data
During the four years of MESSENGER operation, MDIS took over 42,000 images of Borealis. MDIS consists of a multispectral Wide-Angle Camera (WAC) equipped with twelve filters (seven in the visible and five in the near-infrared) and a Narrow-Angle Camera (NAC) that takes high resolution monochrome
images. Here we only use WAC data; WAC has a 10.5 • field of view covered by a CCD array of 1024×1024 pixels. In the present study, we use raw WAC data with eight filters (at 433, 480, 559, 629, 749, 828, 899 and 996 nm). Another filter (700 nm) is used for radiometric calibration and the other three filters (699, 947, 1013 nm) are not used because of too small a number of images taken (less than 1% in comparison with other filters).
Requiring that data are available at each of the eight retained filter wavelengths leaves 16,064 images (8×2008 images of a same area) for constructing an 8-band map of Borealis using ISIS. Image processing implies the following steps (Bott et al. 2018) : to import raw data into ISIS format and to convert them to reflectance; to perform radiometric calibration to correct for bias, dark current and flat field; to apply polar stereographic projection with 450 m/pixel resolution; to apply Kaasalainen-Shkuratov corrections using so-called standard reference values, i ref = 30 • , ϕ ref = 30 • , and e ref = 0 • ; to co-register each image with the 749 nm filter; to stack and trim images in order to obtain the mosaic map of Borealis. Pixels having reflectance lower than 0.005 or larger than 0.3 have been discarded in the following analysis. As an example, Figure 1 (left) displays the map of Borealis obtained with the 996 nm filter. The distributions of the reflectance measured at each of the selected wavelengths are fitted to a Gaussian with mean and standard deviation values listed in Table 1 . Two of these, at 433 nm and 996 nm, are displayed in Figure 2 as examples.
MASCS Data
MASCS includes two spectrometers: the UltraViolet and Visible Spectrometer (UVVS, 115-600 nm) and the Visible and InfraRed Spectrometer (VIRS, 300-1450 nm) . UVVS determines the composition and structure of Mercurys exosphere and measures the surface reflectance, while VIRS measures only the surface reflectance. The present analysis uses only observations made by the latter. VIRS is a point spectrometer with a 0.023 • impling a footprint covering typically a few 100 metres. The data of the near-infrared detector (900-1450 nm) are known to be noisy (Besse et al. 2015) and are not used in the present work, which Besse et al. 2015) . A typical spectrum is shown in Figure 1 (right) as example.
The MASCS data are in the form of spectra using an average bin width of 4 nm. For comparison, the filters used in the MDIS analysis cover between 5 and 18 nm. In the present work, we select nine wavelengths for subsequent analysis: four wavelengths (300, 310, 325 and 390 nm) matching those normally used to define spectral parameters in the UV range and five wavelengths (432, 479, 553, 628 , and 748 nm) matching the MDIS filters in the interval of wavelength where data overlap. As for MDIS data, the distributions of the reflectance measured at each of the selected wavelengths are fitted to a Gaussian with mean and standard deviation values listed in Table 1 . Figure 2 shows, as examples, the reflectance distributions at 325 nm and Gaussian fits (red curves, Table 1 ). The wavelengths, selected in the lower and upper parts of the wavelength range respectively, are indicated in the inserts. Yellow arrows are at half-height and labelled with the value of the σ/mean ratio.
In the range of wavelengths where both MASCS and MDIS reflectance measurements are available, the ratio between the latter and the former is 1.69±0.06. We remark that the ratio between MDIS and MASCS reflectance is nearly independent of wavelength, fluctuating by less than 4% (0.06/1.69) over the 316 nm explored range. This suggests that the difference is simply the result of a global rescaling, a same ratio at all wavelengths.
We note that the MDIS/MASCS ratio measured in the Caloris Basin (Besse et al. 2015) is ∼1.8 for hollows of Tyagaraja and ∼1.3 for Eminescu crater, suggesting a dependence on the nature of the terrain being probed. However, in the present study, we shall ignore such dependence as it has only minor influence on our results and conclusions.
The ratio between the standard deviation (σ) and mean values of the distributions of measured reflectance is also remarkably constant over the respective explored ranges of wavelength, 16.3±0.7% for MASCS data and 13.5±2.2% for MDIS data. Over the range of overlapping wavelengths, these numbers become 15.8±0.5% and 14.9±1.6% respectively. Their similarity suggests that the measured values of the reflectance are only weakly affected by measurement uncertainties, most of their variation between different measurements being of physical origin.
The above ratios, at the level of ∼15% on average, are largely due to the spread of average reflectance values, averaged over wavelengths, rather than to a difference of shape, relative slope or curvature. Indeed, flectance averaged over all wavelengths, the above ratios, evaluated on the normalised reflectance distributions, become much smaller, typically at the 5% level. As a result, we expect a strong correlation between the mean reflectance and the mean spectral slope of a given measurement. In what follows we distinguish between the absolute spectral slope, proportional to the derivative of the reflectance with respect to wavelength, and the relative spectral slope, proportional to its logarithmic derivative.
As can be seen from Table 1 , the mean reflectance of the surface of Borealis is low, between 1.5% and 5% for MASCS data, between 4.4% and 10% for MDIS data. Both mean and standard deviation values increase with wavelength, faster at lower than at higher wavelengths, the mean values by some 80% over the ∼320 nm interval of overlapping wavelengths.
MDIS DATA
The number of selected wavelengths, eight for MDIS and nine for MASCS, is larger than the number of independent quantities that can be expected to carry relevant information. In order to ease the interpretation of the reflectance data and to correlate their spectral variations with compositional heterogeneities of the Mercurys surface, it is useful to define a small number of parameters characterizing the spectral dependence.
One way to do so is simply to select a few wavelengths, as done in false colour red-green-blue (RGB) maps.
A better method, making in principle optimal use of the available information, is the Principal Component Analysis method (PCA) (e.g., Richards 1999) . More generally, we need to find how many parameters need to be used in order to characterize the measurements reliably. Several different parameters have been used in earlier studies, but many of these are not independent from each other. In the present section, we concentrate on MDIS data; in a first phase, we review their interpretations in terms of spectral parameters used in earlier studies. Next, we give a unified picture of these different approaches and illustrate its relation to the geological and morphological properties of the regolith. Ostrach et al. 2017 (upper right) . More precisely the latter two maps use the first principal components PC1 and PC2 as green and red, respectively, but rather than using PC3 as blue, they use instead the reflectance ratio ρ between the 433 nm and 996 nm values as was done previously by other authors. The appearance obtained with the enhanced colour map allows for a clearer distinction between different types of terrains than the false colour RGB map does, although both maps carry essentially the same information. In particular, the distinction between SP and HCT areas becomes clearer. The orange areas identify the SPs, the dark blue areas identify the HCTs, brightness being an indicator of fresher materials. Bright blue is associated with materials from young impact craters such as crater rays (red arrows) from Hokusai (Xiao et al. 2016 ) and fresh ejecta around fresh craters (green PC1 is known to highlight brightness and PC2 to highlight the absolute spectral slope. This is clearly illustrated in Figure 4 that displays the correlation between different spectral parameters; PC1 is approx- and displays very little correlation with PC1, PC2 and R * .
Descriptions in Terms of Spectral Parameters Used in Earlier Studies
Separate maps of PC1, PC2 and ρ are displayed in the lower panels of Figure 3 . Inspecting them separately shows that most features are visible on each of them but are differently enhanced. Globally, the PC1 and PC2 maps distinguish clearly between SPs and HCTs, at strong variance with the ρ map.
However, fresh ejecta around fresh craters and crater rays are almost invisible in the PC2 map but are seen to display both a high brightness (PC1) and a low relative spectral slope (high ρ value). On the contrary, the RPG is particularly enhanced in the PC2 map and barely visible on the ρ map. The latter observations may seem to contradict the former: globally, ρ stands out as carrying information independent from PC1 and PC2 but, when looking at some specific features, PC2 stands out as carrying information independent from PC1 and ρ. As ρ varies approximately as P C1/P C2, and therefore PC2 approximately as P C1/ρ, the RPG corresponds to high PC1 and small ρ, and is therefore enhanced on the PC2 map; the crater rays and fresh ejecta correspond to high PC1 and high ρ, but their PC2 values are average. The SPs correspond to high PC1 and high PC2, the HCTs to low PC1 and low PC2, but their ρ values are average.
In order to clarify this point, we select four specific regions on the Borealis map and display in Figure   5 , for each of these, the dependence of the reflectance on wavelength. The selected regions are defined by an interval of latitude and an interval of longitude as listed in Table 2 . Each of the obtained spectra is fitted to a second degree polynomial of the form
with λ 0 = 715 nm in the middle of the explored wavelength interval. The values of R 0 , µ and ν are listed in Table 2 together with the values obtained for the whole map. Here, R 0 measures the brightness, µ the relative spectral slope and ν the curvature of the spectrum. As can be verified on Table 2 , R 0 corresponds to PC1 and µ to 1/ρ while ν varies by only ±5% about its mean value of −1.22.
Unified Picture
The above results suggest extending to all measured spectra the second degree polynomial description used for the average spectra of selected regions (Table 2 ). In doing so, we calculate for each spectrum the χ 2 (normalised to the number of degrees of freedom) of the fit using an uncertainty of 3 × 10 −3 on each reflectance measurement. Its distribution is shown in blue in the left panel of Figure 6 . It displays a long tail associated with polar regions where the incidence angle is largest, as shown in the right panel of the figure.
For the sake of the arguments developed in the present section, it is more important to deal with a clean data sample than to cover as much as possible of the Borealis surface. Consequently we exclude from the distribution of χ 2 is shown in red in the left panel; its mean value has decreased from 1.07 to 0.92 and its rms value from 0.95 to 0.77.
The resulting distributions and correlations of the three parameters, R 0 , µ and ν, are displayed in Figure   7 . The population of the µ vs R 0 plane associated with each of the selected regions listed in Table 2 is
The obtained characterization of the measured reflectance spectra confirms what had been revealed by the considerations developed earlier. Different spectra differ mostly by the value of the mean reflectance, measured by R 0 . In particular, such is the case for the two main types of terrains, SPs and HCTs; the values taken by µ and ν, as can be seen from Table 2 and Figure 5 , do not help much with distinguishing between them. However, once a class of terrain has been defined on the basis of not only the spectral parameters but also other considerations of a geological and/or morphological nature, it is seen to occupy a specific location in the spectral parameter space. Indeed, the shape of the region occupied in this space by the totality of measured spectra reveals clearly the existence of two overlapping classes, one corresponding to SPs and the other to HCTs. But in the overlap region it is not possible, on the sole basis of the values taken by the spectral parameters, to decide to which class a given spectrum belongs. A definition of SPs and HCTs in terms of the value taken by R 0 , or more generally in exclusive terms of the spectral dependence of the surface reflectance, can only be arbitrary; other considerations, such as the density of craters, need to be taken in consideration.
This result is very general; the reflectance spectra are too similar, in particular once normalised to a same R 0 value, to allow for any meaningful separation into different classes; the error bars displayed in the upper panels of Figure 5 are too large in comparison with the separation between the different spectra; the areas covered in the µ vs R 0 plane displayed in the lower panels of Figure 5 are too large with respect to the separation between different geological regions. Fresh ejecta, for example, that are clearly identified from their high R 0 value, are in the continuity of the SP population and overlap it: one cannot define a value of R 0 that would reliably distinguish them from bright SPs; such a distinction requires additional arguments based on other criteria than the spectral dependence of the reflectance. The same is true of the RPG, in spite of its larger average value of the relative spectral slope µ; its population overlaps that of SPs, with no clear separation between the two types. This result is also confirmed by an attempt that we made to define different terrain classes using the so-called K-means method (MacQueen 1967) ; all what can be obtained is essentially an arbitrary separation between slices covering different intervals of R 0 .
In this sense, we can state that two parameters, R 0 and µ are sufficient to completely characterize the spectral dependence of the reflectance in the Borealis quadrangle. As additional evidence that the curvature parameter ν does not carry any additional information once the values of R 0 and µ are known, we display in Figure 8 the dependence on R 0 and µ of its mean value ν and standard deviation σ ν . It shows that ν is essentially independent of R 0 but increases with µ as was already apparent from the correlation plots in Figure 7 . Its dispersion is observed to be very small, typically 15% of its absolute value, adding confidence to our conclusions.
Deviation from a Simple Polynomial Description of the Spectral Dependence of the Reflectance
In the preceding section, we excluded from the analysis a region of the Borealis surface hosting many spectra having a large value of χ 2 , namely deviating significantly from a second degree polynomial fit.
Such a deviation may be associated with a real feature, such as absorption in a specific wavelength region, issue. By inspecting examples of large χ 2 spectra, we observe ( Figure 9 ) that some of these, located around 120 • W longitude, seem to display a depression around 0.7 µm.
We define accordingly two ratios, R low = R 559 /R 749 and R high = R 899 /R 749 . On average, for good χ 2 spectra, we expect them to be independent of R 0 , their product to be independent of µ, and their ratio to be a measure of µ. This is indeed what we observe when displaying, in Figure 10 , the distribution of different spectra in the R high vs R low plane. The global distribution and that associated with the selected regions listed in Table 2 are all confined around R low ∼ 0.78 and R high ∼ 1.20 as expected, with a addressed here. The standard deviations are of similar magnitudes, 1.2 × 10 −3 on average, again with a maximum of 1.5 × 10 −3 at 749 nm. These results illustrate the quality of the fits and provide additional evidence for the absence of a special feature.
MASCS DATA

Descriptions in Terms of Spectral Parameters Used in Earlier Studies
As was done for MDIS data, we start with following the method previously developed by other authors, using four spectral parameters, two in the visible range, and two at shorter wavelengths in the UV range.
However, we find that the latter are too noisy to allow for a clear correlation with geological features and we present only the results obtained in the visible: we retain as spectral parameters VIS ratio, defined as the reflectance ratio between the 410 nm and 750 nm measurements and VIS slope, defined as the reflectance difference between the 750 nm and 445 nm measurements, divided by the associated wavelength interval (Izenberg et al. 2014 ) and VIS slope is used to study spectral characteristics of pyroclastic deposits on Mercury (Besse et al. 2015) .
VIS slope, 6.51 × 10 −5 nm −1 on average, is measured in units of the mean VIS slope, averaged over all MASCS measurements obtained on Mercury, 6.27 × 10 −5 nm −1 . It measures the dependence of the reflectance on wavelength in absolute rather than relative terms: as was discussed in Section 2.3, it is trivially positively correlated to the mean reflectance, or, for that matter, to the value of the reflectance at any representative wavelength, such as, for example, 553 nm, a reference commonly used by other authors. VIS ratio, 0.53 on average, measures instead the dependence of the reflectance on wavelength in relative terms and is therefore expected to display relatively smaller variations than VIS slope and not to be trivially correlated to R 553 as VIS slope is. However, if VIS slope is larger or smaller than what is expected from simple rescaling in proportion to R 553 , one expects VIS ratio to be respectively smaller or larger than average: R 553 and VIS ratio are independent variables but VIS slope is correlated with both.
Spectra having values of R 553 and of the two VIS spectral parameters too far from average are removed from further analysis. More precisely, the accepted intervals are 0.015 to 0.055 for R 553 , 0.48 to 0.65 for VIS ratio and 0.4 to 1.7 for VIS slope. There remain 189,860 spectra after application of the cuts. are visible in the low VIS ratio regions. The SPs are seen to be split into two low VIS ratio regions bracketing a high VIS ratio region. In very fresh craters (green arrows), VIS ratio is higher at the centre and lower on the periphery.
MASCS and MDIS data cover overlapping but different ranges of wavelengths; however, at least qualitatively, we expect the triplet {R 553 , VIS slope, VIS ratio} in MASCS data to carry similar information as the triplet {P C1, P C2, 1/ρ} does in MDIS data. Indeed, the RPG, enhanced on the PC2 map is also enhanced on the VIS slope map; crater rays and fresh ejecta, with high PC1, low 1/ρ and average PC2 have high R 553 , low VIS ratio and average VIS slope; SPs with high PC1, high PC2 and average 1/ρ have high R 553 , high VIS slope and average VIS ratio; HCTs, with low PC1, low PC2 and average ρ have low R 553 , low VIS slope and average VIS ratio. However, the strong east and west depressions displayed by the VIS slope map are much less marked on the ρ map.
Unified picture
As was done for MDIS data we fit a second degree polynomial to each measured spectrum using an uncertainty of 0.9 × 10 −3 on the reflectance measurements. In order to ease the comparison with MDIS data we limit the fit to the wavelength interval between 400 and 800 nm but we include all measurements in the interval, not only those corresponding to an MDIS filter wavelength as was done in the preceding Section 4.1. Table   2 for the whole Borealis region as well as for the selected regions listed in the table. Their distributions and correlations are illustrated in Figure 12 . Figure 13 displays the regions of the µ vs R 0 plane populated by the selected geological regions listed in Table 2 . The similarity with the results obtained for MDIS data, displayed in Figure 5 , is remarkable.
The comments that have been made in Section 3.2 can be essentially repeated here. In particular, like for MDIS data, the HCTs are seen to distort significantly the contours of the global map, introducing a split of the maximal correlation between µ and ν ( Figure 12 ).
The smaller measurement uncertainty of the MASCS data compared with the MDIS data allows for a better search for possible features. Figure 14 displays the spectrum of the difference between measured and fitted values of the reflectance. No significant outstanding feature is being revealed.
Finally, we compare directly the reflectance spectra described by the average polynomial best fits to the MASCS and MDIS data in the left panel of Figure 15 after multiplication of the MASCS reflectance by a scaling factor of 1.73 (giving a better match than the factor 1.69±0.06 evaluated in Section 2.3). The agreement is excellent. In the middle and right panels of the figure, we display the correlations between the values of the polynomial parameters using a common value of the reference wavelength, λ 0 = λ 0 = 600 nm. The lack of a one-to-one correspondence between the footprints of MASCS measurements and the pixels of MDIS measurements prevents making a precise comparison; what is done instead is to map the values of R 0 and µ for MDIS and MASCS measurements separately, using square bins having a side corresponding to 1 • in latitude; the mean values of the polynomial parameters in each bin are then used to produce the correlation plots. The correlation between the values of R 0 is dominated by the effect of the scaling factor. However, the correlation between the values of µ reveals a small difference, the MDIS reflectance value being ∼2% (0.04) larger than the MASCS value for the bulk of the spectra, increasing up to ∼7% for the larger wavelengths. These differences are too small to produce an effect visible on the left panel of the figure. Moreover, as was noted in Section 2.3, the MDIS/MASCS ratio is known to depend on Table 2 . Upper panels (HCT=green, SP=blue, RPG=magenta, Fresh=red): mean spectra; error bars indicate the standard deviation and the mean spectrum associated with the whole Borealis region is shown in black. Lower panels:
regions of the µ vs R 0 plane populated by the selected geological regions listed in Table 2 . The contours correspond to the whole Borealis region (in steps of 1 from 1 to 6 in relative units). 
DISCUSSION AND CONCLUSIONS
The present analysis of the spectral properties of the surface reflectance of the Borealis quadrangle are in line with what is known of the Mercurys surface in general . Its red-sloped and featureless nature, together with its low value, lower than for the Moon, is believed to be due to the presence of opaque phases, probably graphite. While lunar maria and highlands display differences in reflectance and spectral slopes caused by large variations in ferrous iron in silicates, the absence of such an effect on Mercury implies that spatial differences in spectral reflectance result instead from two major variables: variations in the content of opaque phases, which form a continuum between low and high reflectance units, and the On Borealis, as on the whole Mercury surface, volcanism has played a dominant role in shaping the composition and morphology of the regolith (Head et al. 2011) , detailed studies of the density of craters and of the appearance of buried craters shedding light on the respective history of meteorite bombardment and of effusive volcanism. The distinction between the northern SPs and HCTs, the observation of fresh ejecta and the presence of the RPG, probably volcanic in origin, add significant information to our current understanding of Mercurys volcanism.
In the present work, we have analysed the spectral dependence of the surface reflectance of the Borealis quadrangle, exploiting the rich sample of observations collected by the MDIS/WAC and MASCS/VIRS instruments on-board the orbiting MESSENGER spacecraft. The former has produced a continuous and high resolution map of the reflectance at eight different wavelengths; the latter has produced continuous reflectance spectra around a large sample of different footprints. The low altitude orbit of the spacecraft when flying over Borealis allowed for a large number of images and spectra to be collected but resulted in large incidence and phase angles, causing distortions and important photometric corrections. As a result, in both cases, a significant fraction of the surface, close to the pole, could not be reliably explored. The different references used for photometry, standard for MDIS but closer to actual observing configuration for MASCS, have resulted in different scales, the former being about 1.7 times larger than the latter. Once this is taken into account, both instruments give remarkably consistent results.
In particular, both show that two parameters are sufficient to fully describe the information contained in the spectral dependence of the reflectance, one measuring the mean reflectance and the other its relative slope, or logarithmic derivative with respect to wavelength. In this context, we found it convenient to use a second degree polynomial fit to describe the measured spectra, of the form R λ = R 0 [1 + µ(λ − λ 0 ) + ν(λ− λ 0 ) 2 ] with λ 0 set at 715 nm for MDIS data and at 600 nm for MASCS data. We observed that over the whole Borealis quadrangle the knowledge of parameters R 0 and µ is sufficient to completely characterize the measured spectra, the value taken by ν being then defined to a sufficient precision. The quality of the polynomial fits was measured by the value of χ 2 evaluated with measurement uncertainties of 3 × 10 −3 for MDIS and 0.9 × 10 −3 for MASCS. Apart from small deviations of low significance the second degree description gives a perfect fit to the data. Obviously, measurements performed with significantly smaller measurement uncertainties might reveal new features and invalidate our statement that two parameters are sufficient to completely characterize the spectral dependence of the reflectance.
The description in terms of two parameters, R 0 and µ, allows for a convenient visualisation in the µ vs R 0 plane. The similarity between the MDIS and MASCS results is remarkable. Different units such as the SPs, HCTs, RPG and fresh ejecta occupy different regions of the plane; in particular, the global µ vs R 0 map reveals clearly HCTs as an entity distinct from the bulk. However, large overlaps prevent a meaningful definition of different classes on the sole basis of the properties of the spectral dependence of the reflectance.
We did not address explicitly the question of producing geologic maps of the Borealis quadrangle (e.g., Ostrach et al. 2016 Ostrach et al. , 2017 ), a topic of major interest making use of well-proven techniques, but beyond the scope of the present work. Instead, we have given a number of general information that may be of some use in getting prepared for the exploitation of the BepiColombo mission. High spatial resolution images in expected to be able to identify better the nature of regions such as the RPG and to reveal new information concerning their composition. The challenge of dealing with the large incidence angles that characterize polar observations will however remain.
